Laser angioplasty, the in situ ablation of arterial obstructions with laser radiation, has been demonstrated in animal models and early clinical trials. A problem with this technique, however, is the possibility of thermal damage to adjacent or underlying normal tissues that also absorb the radiation. Using a spectrophotometer with an integrating sphere and a specially constructed tunable-dye laser-based spectrophotometer, we evaluated the transmittance and remittance of human cadaveric atheromas and adjacent normal aorta from 250 to 1,300 unm to identify wavebands where there is preferential light absorption by atheromas. Data were analyzed by both the Kubelka-Munk formalism and a Beer's law model. Both methods indicate that atheromas absorb more than normal aorta between 420 and 530 nm. At 470 nm the average Kubelka-Munk absorption coefficient of atheromas from 10 cadavers was 54±9 cm-1 compared with 26±6 cm-' for normal aortic specimens from seven cadavers. Yellow chromophores responsible for the atheroma absorbance were extractable with xylenes. Thin-layer chromatography and absorption spectra identified the extracted chromophores as predominantly consisting of a mix of carotenoids, which are known constituents of atheromatous lesions. Preferential absorption of blue light by carotenoids in atheromas may permit selective ablation of atheromatous obstructions with appropriate pulses of laser radiation.
Introduction
Laser angioplasty, the ablation ofarterial obstructions with laser light, has been demonstrated in vitro (1) (2) (3) (4) (5) (6) (7) (8) (9) , in animals (10) (11) (12) (13) (14) (15) (16) (17) (18) , and in early clinical trials (19) (20) (21) (22) (23) . While these studies have shown the feasibility of this technique, clinical application has been limited by vessel perforations, aneurysms, and other forms of inadvertant laser damage to normal tissue adjacent to or underlying the atheromas (1 1, 12, 14-17, 22, 23) . Laser angioplasty would be enhanced if the light energy could be selectively deposited in the obstructing material rather than in normal tissue. This could be accomplished by choosing a waveband in which the atheroma has a higher absorbance than that of the adjacent normal tissue.
It is evident from inspection of atheromas that they differ in color from normal artery. We chose to evaluate the optical properties of atheromas and normal vascular tissues to identify wavebands of preferential absorption in atheromas and the responsible chromophores. Little previous work has been done in this area. Kaminow et al. measured direct transmittance of plaque specimens in a spectrophotometer and reported increased absorption at the shorter visible and ultraviolet wavelengths (24) . However, there was no attempt to compare atheroma transmittance with that of normal vascular tissues. In addition, with the exception of hemoglobin absorbances, the data showed no defined absorption bands associated with the atheromas. Van Gemert et al. measured remittance and transmittance using an integrating sphere detection system and three common lasers (argon, helium-neon, and yttrium aluminum garnet) as light sources (25) . Absorption and scattering coefficients were calculated using the Kubelka-Munk model (26) (27) (28) (29) . Although they noted some preferential absorption in atheromas at argon (514 nm) and Nd:yttrium aluminum garnet (1,060 nm) laser lines, having only three data points prevented the identification of wavebands of maximum preferential absorption.
In this study two techniques were used to evaluate tissue absorption. First, remittance and transmittance were measured on a spectrophotometer fitted with an integrating sphere, and the Kubelka-Munk (KM)' model for light propagation in scattering media was used to calculate absorption coefficients (26) (27) (28) (29) . The integrating sphere measurements had reduced precision in regions ofhigh absorbance, which were the regions ofgreatest interest. Accordingly, a tunable-dye laser-based spectrophotometer was constructed that could accurately measure transmittance to 10-3% through tissue samples irradiated over areas as small as 1 mm2 (30) . After identifying the spectral regions of preferential absorption in atheromas, we extracted and partially characterized the responsible chromophores.
Methods
Specimens. Portions of human aorta were obtained from 10 cadavers less than 48 h postmortem. Optical measurements with the integrating sphere were made on six soft, yellow, raised plaques from which the outer portion of the media and adventitia had been stripped by blunt dissection. Each plaque came from a different cadaver and was measured once. A total ofseven normal aorta specimens were prepared from three of the cadavers. One was studied as an intact full-thickness specimen and measured three times. A second was studied intact and then roughly divided into adventitia, media, and intima by blunt dissection, and the integral parts were examined separately. A third was divided into an intimal and a medial specimen before measurement. Laser spectrophotometer measurements were made on specimens from four cadavers. In each specimen, three atheromatous regions and three adjacent normal spots were studied, for a total of 12 pairs of measurements.
Integrating sphere measurements. Specimens of 0.2-2 mm in thickness were mounted in a holder with polished quartz windows that was filled with normal saline to minimize optical artifacts from tissue surface irregularities. The air-quartz interfaces of the holder had a consistent and predictable on-axis remittance that was measured and subtracted from the tissue remittance measurement. The mounted tissue was placed on a 7.5-cm diameter barium sulfate-coated integrating sphere connected by 2-mm i.d. fiber optic bundles to a 5270 double-beam spectrophotometer (Beckman Instruments, Inc., Fullerton, CA) as shown in Fig. 1 and as described previously (31) (32) (33) . This spectrophotometer was interfaced to a 9825A computer (Hewlett-Packard Co., Palo Alto, CA) for digital data acquisition and analysis. The apparatus used a collimated light beam to illuminate a 5-mm diameter region of the sample tissue. Diffuse illumination was not used because it would have required illumination of a spot substantially larger in diameter, making it difficult to study individual discrete atheromas. The illumination wavelength was scanned from 1,330 to 250 nm. Freshly coated barium sulfate plates were used as 100% remittance standards. Thickness of the tissue positioned between the two quartz windows was measured with a micrometer. To examine the effect of denaturation on tissue optics, some mounted specimens were heated with a hot air gun to 100°C and remeasured.
Immediately after measurement of remittance and transmittance, the area examined was marked with india ink, fixed in 10% buffered formalin, processed through xylene and graded alcohols, and paraffin embedded. Sections were stained with hemotoxylin and eosin for light microscopy. Silver stains were used on selected sections to better visualize elastic fibers.
Laser-based spectrophotometer measurements. Because the integrating sphere measurements were limited to transmittance > 0.5% and to a 5-mm diameter region on the samples, a tunable-dye laser-based spectrophotometer was constructed that could measure transmittances as low as 10-3% in 1-mm diameter spots (30) . This device is shown schematically in Fig. 2 . The small spot size permitted direct comparison of optical properties at adjacent normal and atheromatous regions on the same specimen. The specimens were immersed in normal saline during measurements to minimize the effects ofirregular surface contours and to simulate the in vivo optical environment.
A nitrogen-laser-pumped dye laser (Laser Sciences, Inc., Cambridge, MA) was used to provide light from 400 to 605 nm using diphenylstilbene, coumarin 440, coumarin 480, coumarin 540A, and rhodamine 6G dyes. Direct and indirect transmitted light was detected with a 1 cm2 UV-IR enhanced silicon photodiode (No. 1337-lOlOBQ; Hamamatsu, Corp., Middlesex, NJ). A resistance-capacitance integrating circuit was used to average over 100 laser pulses. A reference beam with an identical detection circuit was used to compensate for pulse to pulse variations in laser output. Another identical detection circuit was submerged in the saline bath over the specimen to measure remittance. Remittance measurements were calibrated using a 1.5-mm thick piece of teflon. After measurements the spots studied were marked and processed as above.
Kubelka-Munk analysis. Absorption and scattering coefficients were calculated with the KM model for light propagation in turbid and absorbing media (26) (27) (28) (29) . In this model, light in the tissue is separated into two diffuse fluxes propagating into (I) and outwards (J) in the sample (Fig. 3 ). The model defines absorption (K) and back scattering (S) coefficients and describes light propagation by two first order differential equations (Eq. 1 and 2). dI = -SI -KI + SJ dX dJ = SJ + KJ-SI dX (1) (2) Figure 1 . Integrating sphere/spectrophotometer apparatus. Light from a conventional spectrophotometer is conducted to the integrating sphere via fiberoptic bundles and detected using either a lead sulfide cell (infrared) or a photomultiplier tube (UV and visible). Tissue transmittance is measured by placing tissue in the path of the sample beam where light enters the integrating sphere on the left, and by covering the exit hole with a plate coated with barium sulfate. Remittance is measured by placing the specimen in the path of the sample beam where light exits the integrating sphere on the right. is the transmitted light, and D is the specimen thickness. By considering a differential element, dx, it is possible to describe the change in I and J with the differential equations shown. These equations can then be solved for the given boundary conditions to give absorption and scattering coefficients in terms of the measurable quantities, remittance, transmittance, and thickness. Boundary conditions: IO, = incident radiation; ID/IO, transmittance; JD, 0; JO/IO, remittance.
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When T is small, Eq. 4 can be approximated by Eq. 5.
For a very small T, such as in a thick specimen or in a region of high absorption, the value of S in Eq. 3 is very sensitive to errors in the measurement of T. Because scattering is usually slow to vary with wavelength (33, 34) , it is possible to calculate K using the measured R, and the S from an adjacent spectral region with a higher T. In regions of T < 0.5%, Kwas calculated in this manner.
Beer's law analysis. In the waveband of preferential absorption in atheromas an additional method was used to evaluate absorption. Beer's law absorption coefficients (AB) were calculated using Eq. 6.
The ratio of atheroma AB to normal aorta AB was plotted to locate the wavelength of maximum preferential absorption in atheromas. This simple analysis ignores the effect of light scattering within the tissue and thus is most accurate in wavebands where scattering is small compared with absorption.
Statistical analysis. Because of the absorption spectra of the yellow atheroma extract, we chose 470 nm as the optimal wavelength for evaluating the statistical significance of observed differences in absorption between atheromatous and normal aorta. The laser spectrophotometer data were treated as paired, since both atheroma and normal aorta were studied for each individual. Because the individual to individual variability was greater than the site to site variability within individuals, the three measurements on the atheromatous and on the normal regions of each of the specimens were averaged, and the average atheroma and normal absorption coefficients for each individual were treated as one pair of observations. Student's t test was used to calculate a P value for the null hypothesis. The t test was also used to calculate a P value for the integrating sphere data alone and pooled with the laser spectrophotometer data. For these calculations the data within individuals was still averaged but was treated as unpaired because of the unequal sample sizes.
Chromophore identification. Lipophilic pigments were extracted by shaking 1.2 g of atheroma or normal aorta in 10 ml common xylenes (X-5 SK; Fisher Scientific Co., Pittsburgh, PA) for 12 h at 5°C. After filtration (No. 42 ashless filter paper; Whatman Inc., Clifton, NJ), absorption spectra of the filtrate were determined in 1-cm path cuvettes using a 5270 UV-VIS spectrophotometer (Beckman Instruments, Inc.). The xylene extracts were then evaporated to 0.2 ml, chromatographed on silica gel thin-layer sheets (Eastman Kodak Co., Rochester, NY) and developed with petroleum ether (boiling point, 30-60°C; No. E 139; Fisher Scientific Co.). The spots were cut out and eluted with ethanol. The absorption spectra were measured from 300 to 600 nm on a Cary model 14 spectrophotometer (Varian Associates, Inc., Palo Alto, CA).
Results Fig. 4 A shows the integrating sphere measurement of spectral remittance and transmittance for a typical specimen of intima (3 10-,gm thick) from normal aorta. The calculated KM absorption and scattering coefficients of this specimen are given in Fig.  4 B. Comparable data for a typical atheroma (1.5-mm thick) are shown in Fig. 4 C and D. The greater thickness ofthis sample gives lower transmittance and higher remittance compared with the sample of normal aorta. On the specimen measured three times there was only a small percentage of variation in measured remittance and transmittance and even less in the calculated absorption and scattering coefficients. The subdivided fullthickness specimen of normal aorta showed no differences in the shape of the absorption and scattering spectra among the three parts: intima, media, and adventicia (data not shown). Fig. 5 A shows the average KM absorption coefficient for integrating sphere measurements on six atheromas compared with that of the seven normal specimens. These spectra exhibit the presence of known tissue chromophores, including hemoglobin (alpha band at 550-570 nm, beta band at 530-550 nm, Soret band at 390-420), aromatic amino acids, and DNA (250-290 nm). The atheroma and normal data do not differ significantly for most of the spectral range covered by the two curves. However, in the region of 420 to 530 nm, the atheromas clearly absorb more than the normal tissues. At 470 nm, the average KM absorption of the six atheromas was 50±7 cm-', while that ofthe normal specimens was 24±7 cm-' (Table I) . Using a Beer's law analysis which accounts for only the transmitted radiation, the average absorption was 63±7 cm-' for atheroma, compared with 36±7 cm-' for normal.
The laser spectrophotometer data taken in the range of400-605 nm were similar to the integrating sphere results for all 24 samples from the four cadavers. Fig. 5 and atheroma measurements on a typical specimen. All of the atheromatous spots studied had greater absorption from 440-500 nm than all of the normal spots. The average Kubelka-Munk absorption coefficient for the twelve laser spectrophotometer measurements on atheromas from four individuals was 61±16 cm-' while the average absorption of the uninvolved areas in the same specimens was 27±4 cm-' (Table I) . Beer's law analysis gave 48±9 cm-' and 25±4 cm-', respectively (Table I ). Fig. 6 shows the ratio of atheroma to normal aorta absorption from 300-600 nm, for both integrating sphere and laser spectrophotometer measurements. This ratio is largest near 470 nm. For paired measurements (atheroma/normal) within the same specimen, the ratio of atheroma to normal tissue absorption at 470 nm ranged from 1.5-3.8 (Table I) .
In the laser spectrophotometer data, differences in average absorbance between atheroma and normal tissue at 470 nm were statistically significant with P < 0.05 for both the KM and Beer's law analyses (Table I ). In the integrating sphere data, comparing average absorbance of atheroma or normal from different individuals using an unpaired t test gave P < 0.001. tion and scattering coefficients. Note the absorption peaks corresponding to known tissue chromophores (hemoglobin at 550-570, 530-550, and 390-420 nm, aromatic amino acids, and DNA at 250-290 nm) and the extra absorbance for atheroma -470 nm.
Scattering coefficients increased two-to threefold with decreasing wavelength over the spectral range studied, varying slowly and smoothly. In general? scattering was slightly higher in atheromas but always similar in spectral character to that of normal aorta. For thin specimens where T was large enough to use Eq. 3, as in Fig. 4 B, the scattering coefficient, S, was essentially constant at about 8 cm-' from 425-550 nm. The flat behavior of S in this region justifies the approximation used for thick samples with small T (see Methods). In thicker specimens ( Fig. 4 C and D) transmittance was <0.5% in some regions, requiring use ofEq. 5. In the waveband ofpreferential absorption, the scattering coefficient was smaller than the absorption coefficient, thus justifying the use of Beer's law (see Methods). The minima seen in Fig. 4 B at 260 and 400 nm are probably artifacts due to measurements at regions of high absorbance.
After thermal denaturation at 100°C there was a small increase in both absorption and scattering and reduced prominence of the Soret band, perhaps reflecting changes in collagen and hemoglobin (data not shown). These changes were small compared with the preferential absorption in atheromas.
During extraction with xylenes, the atheroma turned from Histologic analysis confirmed that the areas of specimens chosen to be normal had normal morphology. In the atheromas there was thickening ofthe intima with dense hyalinized collagen bundles and diminished amounts of elastic tissue and smooth muscle cells. In the centers ofthe atheromas there were variable amounts ofirregularly deposited grumous material that appeared to consist of extracellular lipids and cellular debris. In some of the specimens there were scattered dystrophic calcifications.
There was no evidence of ulceration or direct exposure of the grumous material to the luminal surface, although in two specimens there were scattered acute and chronic inflammatory cells in the superficial portion of the atheroma.
Discussion
vuve"eng"n "" nm Confinement of the effects of the laser radiation to the athero-, , matous material obstructing arteries has been a major challenge B in laser angioplasty. This study employed two different measurement techniques to demonstrate a 450-500-nm waveband ofsignificant preferential light absorption in fibro-fatty atheromas due to the presence of carotenoids. This suggests that selective laser ablation of atheromas could be accomplished by choosing a laser emitting in this waveband. It is possible to select laser parameters (pulse duration, spot size, intensity, and energy per pulse) which will ablate atheromas but have minimal effects on normal tissues (35) . The utility of the argon laser (emitting primarily at 514 and Atheroma 488 nm) for ablating atheromas may reflect its partial overlap with this preferential absorption band. One could make the argon 1 laser more selective by tuning to its 488-nm line or other lines , zin the region of preferential absorption. Even better results might 450 500 550 600 be obtained from a flashlamp-pumped dye laser tuned to the Wavelength (nm) wavelength of maximum selectivity with short pulses (<10 ms), which would minimize thermal diffusion damage to adjacent n of absorption coefficients for atheromatous and tissues (36) . nOrmal aOr14 C SPeCImenS. tA) 1 ne r1V1Um aUsorpuEion coemcienLs weir, calculated from integrating sphere data and averaged for seven normal aortic specimens (thin line) and for six fibrous aortic atheromas (thick line). Bars indicate ± I SD. (B) The KM absorption coefficients calculated with laser spectrophotometer data from three regions of atheroma (o, +, o, thick lines) and three adjacent normal regions (v, X, A, thin lines) from the same aorta. Note the spectral region from 420 to 530 nm where the atheroma absorption coefficient is greater than that of normal specimens. yellow to white and the xylenes from clear to yellow. The absorbance of the atheroma extract before thin-layer chromatography is shown in Fig. 7 , along with that ofbeta carotene, showing the two to be similar. The absorption at 400 nm and the large peak below 380 nm are probably due to other components and/ or light scattering. Thin-layer chromatography of the atheroma extract yielded six bands with retardation factor (Rf) values of 0.25, 0.13, 0.12, 0.11, 0.01-0.10, and 0.0, respectively. Bands 1 and 2 had absorption peaks at 420, 440, and 470 nm (consistent with two isomers ofbeta carotene); band 4 had absorption peaks at 442, 470, and 500 nm (consistent with lycopene); and band 5 had absorption peaks at 440, 465, and 495 nm. The pigment in band 6 had peaks at 400, 422, 445, and 470 nm and may be a mixture of carotenoids. Band 3 had no significant absorption between 400-550 nm. Table II gives absorption peaks for carotenoids that are known to exist in humans.
Measuring absorption in biological materials is complicated by light scattering, which necessitates using a spectrophotometer that can collect the scattered light and using an optical model that takes scattering into account. One popular model is the KM formulation (see Methods) which ignores reflection and refraction at sample boundaries and assumes that inhomogeneities within the sample are small compared with thickness, that illumination is diffuse, and that scattering is symmetric. Although these assumptions are not entirely met by tissue, the KM model has been useful for studying skin (31) (32) (33) , arteries (25), plants (37) , and other biological materials. Some of these assumptions were addressed in this study by matching the index to the tissue to minimize surface effects and by using relatively thick specimens. Diffuse illumination was impractical, since it would have increased the spot size unacceptibly. The error from using collimated illumination is at most a factor of 2, and should be comparable for both atheroma and normal tissue (27) . Although scattering may not have been isotropic, this possibility primarily affects the interpretation ofthe scattering coefficient. Any errors from inadequate modeling of scattering are likely to be small in the region ofpreferential absorption because absorption is much greater than scattering for both atheroma and normal aorta in that waveband. This is corroborated by the close agreement between the KM values for K and the Beer's law values for AB, which ignore scattering. The results are similar to those of Kaminow (24), Anderson (31, 33), Wan (32) , and van Gemert (25). Our identification of the yellow atheroma chromophores as carotenoids supports the work of Blankenhorn (38) (39) (40) (41) (42) , who demonstrated carotenoids within atheromas more than 20 yr ago and showed that the amount of carotenoid in atheromas increases with the severity of the lesion. They are ubiquitous in nature, giving the red and yellow coloring of many vegetables (tomatoes, carrots, squash), animal products (egg yolk, butter, chicken fat), and exotic animals (parrots, canaries) (43) . Blankenhorn found that the carotenoid content in xanthomas can be increased about 30% by administration of low dose beta carotene (17 mg/d orally for 5 wk) (38) . Patients with erythropoietic protoporphyria treated with oral doses ofbeta carotene (30-300 mg/d) often develop yellow coloration from cutaneous accumulation of carotenoids within a few weeks (44) . Thus it may be possible to considerably increase the carotenoid content of Figure 6 . Waveband of preferential atheroma absorbance. The ratio of atheroma absorption to normal aorta absorption is plotted for both the integrating sphere and laser-based spectrophotometer data to demonstrate the region of selective light absorption in atheromas. Between 450 and 500 nm the average atheroma absorption is > 1.7 times that of normal artery. atheromas using safe oral doses ofthese chromophores for short periods of time.
In laser angioplasty, the increased carotenoid concentrations could further accentuate the preferential absorption in atheromas, enhance the efficiency of atheroma ablation, and decrease the chance of damage to normal tissue. Since different carotenoids have different absorption peaks it may be possible to select the wavelength ofmaximum atheroma absorption in order to match it to laser emission lines (Table II) .
Although only fibro-fatty atheromas were studied, preferential absorption would be expected in any yellow plaque. Some arterial obstructions, however, are not yellow and therefore may not contain significant levels of carotenoids. It is not yet known rNormal Aorta Extract t 350 400 450 SOO 550 600
Wavelength ( nm ) Figure 7 . Absorpfion spectra of lipophilic chromophores extmcted from atheroma and normal aorta. Chromophores extracted from atheromas absorb in the waveband where there is preferential absorption in atheromas. No chromophores extracted from normal aorta showed significant absorption in that waveband. Comparison of beta carotene absorption spectra with the atheroma extract spectra suggests that some of the extract could be beta carotene, a known constituent of atherosclerotic lesions. if these lesions would accumulate exogenous carotenoids. There may also be differences in absorbance between normal aorta and normal small arteries, such as coronaries, due to differences in elastic tissue and smooth muscle content. Thrombotic lesions may still be successfully ablated because of the overlap of hemoglobin and carotenoid absorbance bands. It may be necessary to explore additional strategies to achieve a selective laser effect, including the use of tetracycline, which accumulates in atheromas and confers absorption near 350 nm (45) ; soluble dyes such as sudan black (3), or photosensitizers such as hematoporphyrin derivative (46) . In general, however, it seems most reasonable to exploit existing absorbances when possible.
